Seven internal deletions within the p24 domain of the human immunodeficiency virus type 1 Gag precursor have been assessed for their effect on Gag particle formation following their expression using recombinant baculoviruses. In addition, each deleted molecule was assessed for its ability to bind soluble p24 antigen in vitro. The mutants fell into three different phenotypic groups: (i) three mutants that had no effect on either p24 binding or Gag particle assembly, (ii) three mutants that abolished both features and (iii) one mutant that bound p24 in vitro but failed to assemble particles. Mutations that abolished both in vitro p24 binding and particle assembly mapped to the C terminus of p24 confirming this region as critical for virion assembly. We suggest the division of virion assembly into at least two distinct phases and suggest a model in which the critical sequences mapped to date are combined with available structural information.
Introduction
Human immunodeficiency virus type 1 (HIV-1) Gag protein is synthesized initially as a polyprotein precursor of 55 kDa (Pr55) which assembles on the cytoplasmic face of the plasma membrane and forms the Gag shell of the budding virus (Wills & Craven, 1991) . Concomitant with, or just after budding, the virions undergo morphological maturation during which most of the peripheral Gag shell is reorganized to form a central core or capsid. This event results from cleavage of the Gag precursor by viral proteinase into the mature Gag proteins, matrix protein (MA, p17), capsid protein (CA, p24), the nucleocapsid protein (NC, p9) and a proline rich protein (p6) (Wills & Craven, 1991 ; Veronese et al., 1988; Kaplan et al., 1994) . Expression of Gag Pr55 in the absence of the HIV proteinase results in the release of Gag virus like particles (VLP) and this system has provided a basis for experimental analysis of the requirements for particle assembly and release (Gheysen et al., 1989; Overton et al., 1989; Hu et al., 1990; Hoshikawa et al., 1991 ; Royer et at., 1991 ; Jowett et aL, 1992; Mergener et al., 1992) . * Author for correspondence. Fax +44 1865 59962. e-mail ijones@molbiol.ox.ac.uk Several regions throughout the Gag precursor have been implicated in the assembly process. Recent evidence has located a discrete assembly signal in the MA domain (Freed et al., 1994; Chazal et al., 1995) and has also defined the functional basis of failure to assemble particles as an inability of Gag molecules to oligomerize (Morikawa et al., 1995) . The majority of the NC domain appears not to be involved in Gag particle assembly although a role for a short SP1 peptide sequence at the CA/NC junction has been reported (Jowett et al., 1992; Hoshikawa et al., 1991 ; Pettit et al., 1994; Chazal et al., 1995; Krausslich et al., 1995) , and the C-terminal protein p6 has an auxiliary role in efficient particle release from the cell and in recruiting Vpr into the budding virion (Paxton et al., 1993; Gottlinger et al., 1991) . That sequences in the CA domain are essential for assembly was first indicated by the observations that Gag molecules with deletions in CA are defective in assembly and exhibit trans-dominance in complementation experiments (Trono et al., 1989) . Subsequent experimentation has defined a number of regions of CA that are required for particle assembly (Trono et al., 1989; Hong & Boulanger, 1993; Luban et al., 1993; Poblotzki et al., 1993; Wang & Barklis, 1993; Mammano et al., 1994; Franke et al., 1994b; Chazal et al., 1995; Reicin et al., 1995) with the weight of evidence to date suggesting that the C-terminal third of CA, a region in which the sequence homology between lentiviral CA proteins is highest, is the most crucial assembly region (Hong & Boulanger, 1993; Wang & Barklis, 1993; Mammano et al., 1994; Franke et al., 1994b; Chazal et al., 1994; Dorfman et al., 1994) . Assembly of purified CA antigen has also been reported in a number of cases (Ehrlich et al., 1992 (Ehrlich et al., , 1994 Gilmour et al., 1989; Mills & Jones, 1990) . However, a direct link between phenotypes which fail to assemble Gag particles and failure of p24 to assemble in vitro has yet to be demonstrated although it has been implied by genetic studies (Deminie & Emerman, 1993) and by the observation that antibody inaccessible epitopes on assembled Gag co-map with mutationally sensitive regions .
In order to map more precisely the domains of p24 involved in Gag polyprotein interaction and particle formation, seven mutants of Gag Pr55 were constructed in which a deletion window of ~ 5 residues was moved through the p24 domain of HIV-1 Gag. Following expression, each mutant was assayed for the ability to secrete Gag antigen into the supernatant, to produce Gag VLP and to interact with native p24 antigen in vitro by protein overlay blotting. From this analysis we confirm that CA is divided broadly into two domains, an N-terminal domain primarily not involved in particle assembly and a C-terminal domain in which Gag-Gag contact via sequences in the p24 domain is essential for particle assembly.
Methods
Recombinant transfer vectors. The 2121 bp gag gene fragment encoding Pr46 was used as the parental gene for all mutagenesis. Pr46 lacks the P6 domain but is fully competent for particle assembly and less susceptible to proteolysis than Pr55 (Jowett et al., 1992; Zhang et al., 1994) . Seven deletions were introduced into the coding region of the Gag p24 domain as described by Zhao et al. (1994) . Briefly, oligonucleotides spanning the N and C termini of HIV-I~A ~ Gag were used with a varying set of internal primers and PCR to amplify two fragments of the Gag open reading frame that lacked a sequence encoding four to six amino acids and introduced, instead, a unique SacI site. Fragments produced by" PCR were purified by gel elution, cleaved by SacI, ligated and cloned into the transfer vector pAcCL29-1 (Livingstone & Jones, 1989) . Mutated gag genes were confirmed by sequence analysis prior to their use to produce recombinant baculoviruses.
Cell culture and transfection. Spodoptera frugiperda (Sf9) cells were used throughout and were propagated at 28 °C in TC100 medium containing 5 % fetal calf serum. Routine baculovirus growth and titration were done as described (O'Reilly et al., 1992) . For the production of recombinant viruses, cells were transfected with transfer vector and Bsu36I-cut AcPAK6 DNA as described (Kitts et al., 1991) .
Viral protein analysis.
Plaque purified mutant viruses from each transfection were used to infect monolayers of Sf9 cells at a multiplicity of 5 p.f.u./cell and the cultures were harvested 2 days post-infection (p.i.) and examined by SDS-PAGE and western blotting. Cell or supernatant samples were adjusted to 3% SDS, 5% fl-mercaptoethanol, 50 mM-Tris-HC1 pH 9.0 (loading buffer) and boiled for 5 min prior to fractionation on 10 % SDS-polyacrylamide gels and transfer to PVDF membranes. Western blots were incubated with anti-p24 serum D7320 (Aalto Bioreagents) at a dilution of 1 : 2000 followed by an anti-sheep IgG peroxidase conjugate (1:2000) . Dilutions and washes were done in 5% dried milk powder, 0-1% Tween 20 in PBS and the membrane was finally developed with BM Chemiluminescence (Boehringer).
Electron microscopy. For EM sections, Sf9 cells infected with each deletion mutant were harvested at 2 days p.i., washed once in PBS and fixed in 2~5% glutaraldehyde in 0-1 t~t-cacodylate buffer pH 7'2 for at least 24 h. Fixed cells were embedded in 1% low melting point agarose, and the agarose blocks were briefly fixed in glutaraldehyde and washed in cacodylate buffer prior to being treated with 1% osmium tetroxide (in cacodytate buffer) for 2 h and 0.5 % uranyl acetate for a further 3 h. After dehydration in ethanol, cells were embedded via propylene oxide in Araldite. Sections were cut with a Reichert-Jung Ultracut E ultramicrotome, post-stained with uranyl acetate and lead citrate and examined with a Philips CM 12 electron microscope operating at 80 kV.
For immunolabelling, Gag protein in the supernatant was centrifuged onto carbon coated grids and incubated with ADP344 (a monoclonal antibody directed to the p17 domain) followed by an antimouse gold conjugate, both diluted in washing buffer [Tris-buffered saline pH 8-0 containing 0" 1% gelatine and 0-1% BSA-C (Aurion)]. After labelling, grids were washed in buffer and negatively stained with 4 % sodium silicotungstate pH 6'9. Control grids were incubated with a monoclonal antibody directed towards the influenza nucleocapsid (not shown).
Far-western blotting. After SDS-PAGE, proteins were transferred to PVDF membranes at 30 V, 4 °C for 4 h in 25 mM-Tris-HC1 pH 8.8 buffer containing 0.195 M-glycine. The membrane was pre-incubated for 1 h in HBB (HEPES binding buffer: 20 mM-HEPES pH 7.5, 5 mMMgC12, 1 mM-KC1) with 5 % dried milk powder and then incubated with purified glutathione S-transferase p24 (GST-p24) fusion protein (3(~35 ~tg/ml in HBB) with 5 % dried milk powder and 5 mM-DTT at 4 °C overnight. After washing in PBS, 5 % dried milk powder and 0.1% Tween 20, the membrane was incubated with a guinea-pig anti-GST serum (1 : 4000) followed by anti-GP peroxidase conjugate (1 : 2000) and BM Chemiluminescence (Boehringer).
Results

Construction of CA deletion mutants and analysis of expression
To study the functional domains within the CA coding region, seven deletions in which four to six codons were removed from within the CA coding region and replaced with the dipeptide Pro-Gly were introduced into the Pr46 parental molecule as described in Methods. The positions of the mutants were chosen to complement existing mutation data and spanned the CA domain ( Fig.  1 ). After characterization, each was used to generate a recombinant baculovirus expressing Gag antigen as previously described (Zhang et al., 1994) .
Western blotting of infected Sf9 cell extracts and supernatants at 2 days p.i. showed that all mutants except one expressed similar quantities of Pr46 antigen that co-migrated with the Gag antigen expressed by the parental virus Pr46 (Fig. 2a) . Exceptionally, the antigen . Deletions, which varied between four and six amino acids in length, are designated by the number of the first amino acid of the deletion from the mature N terminus of p24 (N1YP---). They were generated by overlapping PCR as described in Methods which, as a result of the cloning strategy, introduced a SmaI site encoding the amino acids Pro-Gly in place of the deleted sequence. The exact sequence changes for each mutation are shown.
(a) supernatant. The lanes are: 1, D48; 2, D124; 3, D133; 4, D143, 5, D151; 6, D173; 7, D203; 8, Gag Pr46 (+ve control). All samples were resolved on 10 % SDS-PAGE gels, transferred to PVDF membranes and reacted with an anti-p24 peptide serum and conjugate as described. The blot in (c) was similarly prepared but resolved only samples of Pr46 (+ ve control) and D 151 and was developed with a monoclonal antibody directed towards the C terminus of Gag Pr46. Molecular masses on the left are taken from pre-stained markers analysed at the same time.
produced by mutant D151 exhibited an apparent molecular mass of ~ 28 kDa. When the Gag antigen expressed by D 151 was western blotted with a C-terminal monoclonal antibody (ADP 346) the full-length Gag antigen was detected at a low level (Fig. 2c) suggesting rapid breakdown of the translated product associated with the loss of sequences around position 151. Analysis of the antigen present in the supernatant showed that Dt43, D151 and D173 released protein into the supernatant at similar levels to the parental recombinant (Fig. 2b ). D48 and D124 also released antigen into the supernatant but the ratio of Gag antigen in the supernatant to that in the infected cells was lower for these two mutants when compared to that of either the parental construction or D143, D151 or D173 (compare Fig. 2a and 2b ). Mutants D133 and D203 prevented the release of Gag antigen into the supernatant despite high levels of Gag expression in the total cell extracts (Fig. 2a, b) .
Effects of deletions on particle formation
Release of Gag antigen into the supernatant would be consistent with the formation and release of Gag VLP as described (Jowett et al., 1992) and to confirm this, infected Sf9 cells were fixed at 2 days p.i. and processed for EM of thin sections as described (Jowett et al., 1992; Hockley et al., 1994) . VLPs typical of those produced by the parental recombinant were found in cells infected with D48, D124 and D143 samples although the level of particle production by D48 appeared lower compared with the other two recombinants. In addition, the relative level of crescent forms of Gag at the plasma membrane was higher in D48 and D124 when compared to either the parental form or D143. Neither budding nor free particles were observed in cells expressing D133, D151, D173 and D203 (Fig. 3) . These data suggest that deletions D48, D124 and D143 have little effect on Gag particle production whilst all other deletions were unable to form any discernible Gag related structure.
Effects of deletions on Gag-Gag protein interaction
Assembly of the Gag particle clearly requires the ordered interaction of Gag monomers via certain contact residues. Recently, we showed a direct correspondence between the ability of HIV-1 Gag carrying mutations in p17 to assemble into a particle and the ability of Gag to interact in vitro when measured by far-western blotting (Morikawa et al., 1995) . To assess if the same technique could be used to detect the contacts between Gag molecules within the p24 domain of each deletion mutant, infected cell extracts of each recombinant virus were far-western blotted as described (Grasser et al., 1993) and incubated with GST-p24 expressed in, and purified from, E. coli as described (Mills et al., 1992) . Bound antigen was detected with an anti-GST serum. Deletion mutants D48, D124, D133 and D143 all bound GST-p24 as well as the parental protein Pr46. Deletions D 151, D 173 and D203, however, bound significantly less GST-p24 when compared to the parental recombinant or to the other mutants (Fig. 4) . Thus, mutations which allow Gag particle assembly (D48, D124 and D143) retain their ability to interact with wild-type p24. Mutants that showed no Gag assembly by EM analysis (D 151, D 173 and D203) demonstrated only a low level of interaction with GST-p24. One mutant, D133, did not produce particles but retained Gag binding in vitro.
Nature of secreted non-particulate Gag antigen
The Gag antigen produced by mutants D151 and D173 was found in the supernatant of infected cultures despite no evidence from EM for budding Gag particles (compare Fig. 2 b with Fig. 3 ). This was not true of two other particle negative phenotypes, D133 and D203, in which failure to bud was also associated with lack of antigen in the supernatant. Royer et al. (1992) have reported a soluble form of Gag but in our hands all the Gag antigen in supernatants is particulate and sediments in sucrose gradients (not shown). To investigate the nature of the secreted antigen expressed by D151 and D173, the supernatant culture medium was immunogold labelled with an anti-Gag monoclonal antibody directed to the p17 domain. No Gag virus like structures were found but gold particles were concentrated particularly at the ends of enveloped baculovirus particles (Fig. 5) .
Wild-type baculovirus particles were not labelled by the monoclonal antibody in use (not shown).
Discussion
Deletions of the p24 coding sequence in the context of Gag Pr46 led to three distinct phenotypes following expression of the Gag antigen in insect cells using recombinant baculoviruses (Table 1) . Deletions D48, D124 and D143 did not affect Gag particle formation although in the case of D48 and D124, the yield of Gag particles was reduced when compared to that of the parental Pr46 virus and the level of intermediate crescent structures at the membrane appeared higher. Deletion D124 was the smallest introduced (four amino acids) and had no effect on particle assembly. However, a larger deletion of ten amino acids at the same locus (Gag mutant D2) prevented particle assembly and resulted in a phenotype very similar to that observed for the next downstream mutant in this study, D133 (Zhao et al., 1994) . Conversely, individual point mutations in this region have no effect on Gag VLP assembly (Zhang et al., 1994) . Together these data indicate that, whilst the exact identity of the sequence in this region of Gag p24 is not crucial for particle assembly, an alteration in overall structure of the protein induced by a large deletion cannot be tolerated. Similar conclusions were made by Mammano et al. (1994) in respect of a more downstream sequence, the major homology region (MHR), where certain mutations were tolerated "when deletions were not. In general, the phenotypes observed for these mutants confirm earlier reports that the sequences in the N-terminal region of p24 are not essential for the assembly process (Chazal et al., 1994; Hong & Boulanger, 1993; Wang & Barklis, 1993; Reicin et al., 1995; Dorfman et al., 1994) . Uniquely, mutant D151 showed extreme protein instability and was routinely detected as a protein of 28 kDa unless blotted with a monoclonal antibody whose epitope was located in the C terminus ofPr46 (cf. Fig. 2 ). Purified p24 protein was shown by trypsin sensitivity to have a two domain structure connected by an extended linker domain which is preferentially exposed in the folded molecule (Ehrlich et al., 1994) . The two domains have been proposed to consist largely of a-helices with the residues between 123 and 155 predicted to be neither helix nor p-sheet but possibly a loop structure. Deletion at 151 therefore might cause particular misfolding of the molecule and general instability. Deletion 151 also overlaps the MHR shown to be essential for particle assembly (Mammano et al., 1994; Reicin et al., 1995; Dorfman et al., 1994) . D133, D173 and D203 all abolished Gag particle formation although they did not show any evidence of instability. p24 has been reported to be a dimer (Ehrlich et al., 1992,
! 1994) and, in order to assess if failure to dimerize was the fundamental cause of the failure of Gag particles to assemble, each deletion mutant was tested for its ability to bind to wild-type p24 protein in a far-western blot. D151, D173 and D203 failed to bind significantly to GST-p24 whilst all other deletions, including the particle deficient D133, bound p24 as well as the Pr46 parental molecule. The true phenotype of DI51 in respect of protein-protein interaction within the p24 domain remains uncertain as much of the protein was present as the low molecular mass breakdown product of 28 kDa and the residual level of full-length D151 was too low to assess its competence for binding. D173 and D203 failed to demonstrate Gag-Gag protein contacts within the p24 domain and provide the first formal link between the phenotype of Gag particle non-assembly and lack of protein-protein interaction in the p24 domain. D133 bound GST-p24 as well as the parental Pr46 despite an inability to assemble Gag particles and represents a class of mutant in which Gag-Gag interaction in the p24 domain is retained but the ability to form a curved shell is lost. These results support our previous suggestion that the Gag-Gag interactions necessary for particle assembly can be divided into two stages: (i) ordered Gag aggregation, defined in vitro as the ability of Gag molecules to interact and in vivo as the assembly of an electron dense layer under the plasma membrane, and (ii) the induction of curvature which is likely guided by the overall conformation of the assembling molecules Hockley et aI., 1994) . Mutants such as D133 separate these two processes, being competent for the former but not the latter. Mutants downstream of this locus (D173 and D203) are defective in both functions and fail to assemble VLP. Our results are broadly in accord with a previous scanning deletion study of the CA domain which also concluded that the C-terminal one-third of CA was essential for particle formation although no link with the ability of p24 to interact in vitro was made (Dorfman et al., 1994) . In that study, deletion of sequences 132-136 had no effect on particle assembly whilst in our study D133 prevented VLP assembly. D 133 extends slightly 3' to D 132-136 and we assume that the altered nature of the deletion is responsible for the altered phenotype observed. The identification of a protein-protein contact within the p24 domain allows a tentative map of the functional Fig. 3 . Electron microscopy of thin sections through insect cells expressing Gag molecules with deletions in the p24 domain. The pictures shown are representative of a typical field from each mutant analysed. Budding forms of Gag VLP identical to the parental molecule (which is not shown but see Zhang et aL, 1994) were observed in sections of D48, D124 and D143. The remaining four deletions D133, D151, D173 and D203 failed to show any budding structures. Bars represent 100 nm. Fig. 2 (a) were resolved on 10 % S D S -P A G E gels, transferred to PVDF membranes and incubated overnight with 20-30 ~tg of purified GST-p24 (left panel) or GST only (right panel) in a total volume of 3 ml using conditions described previously (Grasser et al., 1993) except that the entire procedure was carried out at 4 °C in a cold room. After washing the membrane, bound GST fusion protein was detected with a guinea-pig anti-GST serum and an alkaline phosphatase conjugate. The lanes are: 1, D48; 2, D124; 3, D133; 4, D143; 5, D151; 6, D173; 7 D203; 8, uninfected cell control; 9, Pr46 ( + v e control). (Table 1) but labelling was observed at the poles of the baculoviruses consistent with incorporation of Gag from the plasma membrane. regions of the Gag monomer to be constructed (Fig. 6) . A second Gag Gag assembly signal has been mapped in the p17 domain (Freed et al., 1994; Morikawa et al., 1995) and a third contact point between Pr55 monomers has been located at the p24/p7 junction (Jowett et aL, 1992; Pettit et aI., 1994; Carriere et aL, 1995; Krausslich et aL, 1995) . Indirect measurements of Gag-Gag interaction also define a contact point within the nucleocapsid domain (Zybarth & Carter, 1995) . Based on high resolution EM analysis, the Gag VLP has been reported to consist of Pr55 rod-like monomers measuring ~ 85 A by ~ 34 ]l arranged in hexameric arrays that assemble to form a structure with icosahedral symmetry Hockley et aL, 1994) (Fig. 6a) . Regions of each monomer that are occluded in the assembled structure, measured by the inability to bind monoclonal antibodies (Fig. 6b ) broadly co-map with the regions reported in this work and in other studies (discussed above) to be points of molecular contact between Gag monomers (Fig. 6c) . It is interesting to note that the finding of one point of molecular contact between Pr55 monomers in each sub-domain (MA, CA and NC) could be one mechanism adopted by the virus to ensure that the correct three-dimensional structure is formed only by full-length precursor molecules and not by prematurely cleaved Gag products. The apparent lack of assembly signals in the N-terminal half of the p24 domain is in keeping with a separate domain with a role in binding host cell factors (Franke et aL, 1994a; Thali et aL, 1994) . D151 and D173 were found in the supernatant of infected cultures associated with baculovirus particles. Baculoviruses bud from the plasma membrane and it seems probable that emerging viruses pick up Gag antigen localized there by virtue of the myristoylation signal present on the p17 domain. In contrast, D133 is not found in the supernatant despite being present at the i~-.~i (residues ~364-378) Fig. 6 . Schematic representation of the Gag monomer in relation to the overall structure of the VLP. The diagram is an aide-mdmoire for picturing the possible organization of the Gag shell and the contacts between Gag monomers; it is not to scale. Numbers for the amino acids involved in Gag contact refer to the complete Gag sequence and are taken from the mapping data discussed in the text. Note that, although all three points of contact are shown at the interface of the same adjacent pair of monomers (b), this is not the only possible interpretation. For example, points of contact on opposite faces of the monomer or additional contact points would allow assembly of the larger aggregate shown in (a) which has been suggested from electron microscopy . It should also be noted that although Gag molecules are shown as a dimer, the base unit of assembly could be a higher oligomer such as a trimer.
The recently determined structure of the p17 domain has been placed in the Gag structural cartoon (c) in the orientation suggested in the publications Matthews et al, Massiah et aL (1994) .
fly sible co-align apped __~, ..... of contact plasma membrane. D133 exhibited G S T -p 2 4 binding whilst D175 and D151 did not. It seems plausible, therefore, that the molecular interactions between G a g D133 molecules are sufficiently strong to exclude other plasma membrane proteins, including those incorporated into emerging baculoviruses, from the site o f G a g concentration. In the case o f D151 and D173, which do not bind to GST-p24, the G a g antigen in the membrane is sufficiently fluid for fortuitous incorporation into the baculovirus virion. Mutant D203 has a profound effect on particle assembly and was not detected in the supernatant (cf. Fig. 2 ). It is unclear why this molecule should not be incorporated into budding baculoviruses in an analogous manner to D151 and D173. However, the location o f the D203 deletion is adjacent to a conserved sequence identified by Poblotzki et al. (1993) as essential for particle production. Peptides derived from this area o f G a g have been also reported to have antiviral activity when added to HIV-1 infected cultures (Niedrig et al., 1994) . Our results suggest that the effect of such a peptide m a y be direct competition for a protein-protein contact site as has been shown for peptides from the p17 domain that exhibit similar properties (Morikawa et al., 1995) . Further analysis o f G a g -G a g protein interaction in vivo and in vitro should clarify the molecular basis o f G a g particle assembly and the order o f the assembly process.
